ABSTRACT Supercapacitors are an important part of the hybrid energy storage system for electric vehicles (EVs.) They not only protect the battery, but also improve the starting performance, acceleration performance, and regenerative braking performance of the EVs. Accurate modeling and state of charge (SOC) estimation of supercapacitors are essential for reliability, resilience, and safety in hybrid energy storage system operations. In this paper, a fractional order dynamic equivalent circuit model of the supercapacitor is proposed. Through the parameter identification and the experimental analysis, it is proved that the fractional equivalent circuit has better precision. Furthermore, the SOC estimation method of particle filter and Kalman filter is investigated, and a method of estimating supercapacitor SOC is proposed by combining the particle filter and the fractional Kalman filter. The validation results prove that the proposed method has better accuracy and real-time performance based on the fractional order.
I. INTRODUCTION
Hybrid energy storage system (HESS) is an advanced technology for electric vehicles (EVs), typically using supercapacitors (SCs) to protect electric vehicle batteries [1] , [2] . A SCs/Batteries HESS is a structure that connects SCs and batteries based on a bidirectional DC-DC converter [3] . In work operation, the power distribution is performed according to the state of charge (SOC) and the voltage of the SC and the battery, so that the battery outputs the average power, and the SC outputs the peak power [4] - [6] .
Supercapacitors, also known as electric double layer capacitors, are electrical energy storage devices with high power density, low internal resistance, wide operating temperature range, and extremely long cycle life [7] . At present, supercapacitors are widely used in wind power, photovoltaic, biosensors, hybrid and electric vehicles [8] . In the application of electric vehicles, it has strong complementarity with high energy density and low power density power sources such
The associate editor coordinating the review of this manuscript and approving it for publication was Rui Xiong. as fuel cells and power batteries. The HESS composed of lithium-ion power batteries and supercapacitors is the most common hybrid power solution. The system has the advantages of solving the power trouble of the lithium-ion battery and the energy trouble of the supercapacitor, showing a good application prospect [9] , [10] .
To explain the capabilities of SCs, many researchers have begun to build a more or less complex model. The SC models in the existing literature can be roughly classified into three types: electrochemical models, black box models, and equivalent circuit models [11] .
The electrochemical model is based on the principle of SC electrochemical operation, using partial differential equations to describe the physical and chemical reactions occurring inside the SC. This type of model can not only accurately predict the electrical characteristics of SC, but also describe the internal electrode electromotive force, the electrolyte concentration and current distribution. It is suitable for studying the specific physical changes of SC and developing new SC [12] . Black box models, such as neural networks, fuzzy models, and machine learning, can describe the relationship between specific parameters and implicit output characteristics through a large number of accurate data training models without the need to accurately grasp the internal mechanisms of the system. The black box model has good flexibility and model accuracy and is suitable for exploring the nonlinear functional relationship between SC characteristics (such as actual capacitance) and measurable operating parameters (such as voltage, current, temperature, etc.) [13] . The equivalent circuit model is a circuit network composed of circuit components such as capacitors, inductors, and resistors to simulate the voltage response characteristics of a SC. Due to the advantages of less parameters and higher model accuracy, it is suitable for the design of energy management systems and controllers [14] .
In the research and application of SC equivalent circuit, there are basically three types of SC equivalent circuit models. They are the classical equivalent circuit model (first-order RC circuit model), the ladder equivalent circuit model (highorder RC circuit parallel model), and the dynamic model (high-order RC circuit series model). In [15] , the authors compared those three types of equivalent circuit models for SC, in terms of model complexity, precision, and robustness, concluding that the dynamic model displays the best overall performance.
It is well known that capacitors have fractional properties, while fractional order derivatives and integrals could better describe the dynamic behavior of RC networks in circuit systems [16] , [17] . In [18] , the authors designed a fractional equivalent circuit model of SC that containing 1-RC networks, and further showed a higher precision of the fractional-order model than the integer-order dynamic model through the impedance spectra investigation at different temperatures.
On the other hand, the constant phase components in the fractional equivalent circuit generally have two parameters to be identified, namely capacitance (C) and order (α). The general parameter identification method such as the least squares method is difficult to meet the parameter identification of the fractional equivalent circuit [19] . In [20] , the authors proposed a parameter identification method combining genetic algorithm and least squares method applied to the fractional equivalent circuit parameter identification of lithium battery, and the effect is good.
One of the most pressing problems in the use of SC in electric vehicle HESS is how to accurately assess the state of charge (SOC) of the energy storage system. Ampere-hour integral (A-H) method is one of the most commonly used SOC estimation methods, but it is necessary to establish a relationship curve between the open circuit voltage (OCV) and the SOC, which is generally obtained by an approximate method in the case of offline. This method is simple and practical in engineering, but the accuracy is not high enough because the nonlinear characteristics inside the supercapacitor are ignored [21] . In addition, there are intelligent estimation algorithms such as Kalman filtering, neural networks and particle filtering can improve the estimation accuracy of SOC [22] , [23] . However, there is no SOC estimation method that is fully applicable to the fractional equivalent circuit model.
In this paper, a fractional dynamic equivalent circuit model of SC based on SC's dynamic equivalent circuit model is proposed. And the parameters of the fractional equivalent circuit model are identified online by the combination of genetic algorithm and least squares method. Further, the SOC of SC is estimated by a combination of particle filtering and fractional Kalman filtering. The rest of the paper is organized as follows: The fractional order model of SC is described in Section 2. Section 3 deals with the design of a parameter identification method for fractional order equivalent circuit model. Section 4 formulates the particle filter and fractional Kalman filter to estimate the SOC of SC. Key conclusions are summarized in Section 5.
II. FRACTIONAL ORDER EQUIVALENT CIRCUIT MODEL OF SC
Compared with the integer order model, the fractional order model describes the internal dynamics of the SC to be more realistic, resulting in higher model accuracy. A fractional order equivalent circuit model based on the dynamic equivalent model of the SC is proposed, as shown in Fig.1 . A Constant Phase Element (CPE) has a phase angle, which is constant, and it cannot be described by a finite number of discrete elements(R, C and L) with frequency independent values. The impedance of CPE is expressed by
where Q and the fractional exponent α are the parameters of the CPE. Generally,−1 ≤ α ≤ 1, and for some values of α it is simplified to discrete elements. When α = 0, the coefficient Q is a reciprocal of resistance (
where W is the Warburg parameter) [24] . As shown in Fig.1 , the fractional impedance of constant phase components are defined as
where 0 ≤ α ≤ 1, 0 ≤ β ≤ 1, 0 ≤ γ ≤ 1. Therefore, the constant phase element coefficient Q is replaced by capacitor C [25] .
The circuit of the fractional order equivalent circuit model is analyzed by Kirchhoff's law, and the circuit equation are obtained as
Further, the state space of the system can be described by the following equations
The state space equation can be discretized according to stochastic theory, the Eq. (6) will be rewritten as
where x k represents the state space vector of the supercapacitor at time k, I k represents the current of the supercapacitor at time k, and y k represents the voltage of the supercapacitor at time k.
Considering that the vector x k has arbitrary fractional derivatives, using the G-L fractional differential operator to discretize the fractional operators in the above model, it can be obtained
The further obtained discretized state equation is
where
III. PARAMETER IDENTIFICATION
The methods for the parameter identification of SC equivalent circuits include least squares method, particle swarm optimization algorithm, adaptive fuzzy estimation algorithm and binary quadratic equation fitting method. Among them, the least squares method is a commonly used method for the parameter identification of integer order systems, generally has recursive least squares method, weighted least squares method and so on [26] . Because in the fractional order model proposed in this paper, the parameters to be identified are the resistance, capacitance and the fractional order. There are so many parameters that the basic least squares method cannot ensure the optimal system parameters. Therefore, for the fractional equivalent circuit model, the combination of genetic algorithm and least squares method is used for parameter identification.
The estimation model for establishing the supercapacitor voltage according to Eq. (6) is 
The objective function defining the least squares genetic algorithm is
The parameter identification of the SC fractional equivalent circuit model takes the operating current I (t) of the SC as the input of the system, the terminal voltage V o (t) is the output of the system, and the parameters of the fractional equivalent circuit are iteratively estimated by the genetic algorithm. The parameter estimation process is shown in Fig.2 .
In order to verify the accuracy of the fractional order equivalent circuit model, the charge and discharge tests for steady current and dynamic current were performed on a SC (Maxwell 350F2.5V). The experimental ambient temperature was set to 20 • , the sampling period was set to 1s, and the operating current was selected to be constant current and variable current, respectively. The supercapacitor and test experimental platform is shown in Fig.3 . The test results and parameter identification results are shown in Fig.4 .
In Fig. 4(a) , the SC is kept static for 800s after charging at the constant current of 15A, then the SC is discharged at the same current. It can be seen that the voltage of the SC has certain nonlinear characteristics during charging and discharging phases. In order to obtain the reasonable parameters of the equivalent circuit model, the parameters are identified under different conditions such as constant current charge test, constant current discharge test and change current test. Fig. 4(b) shows the result of parameter identification when the SC is charged to the rated voltage under the 5A constant current. Fig. 4(c) shows the results of parameter identification when the SC is discharged under the 5A constant current. Fig. 4(d) shows the comparison of the parameter identification results and the actual measurement results under the time-varying current when the supercapacitor is charged under 2A constant current and then kept stationary for 800s.
From the test results, we can know that the dynamic process of the SC is nonlinear. The fractional order dynamic equivalent circuit can describe the charge and discharge characteristics of the SC effectively. At charge and discharge phases, the voltage can be traced well. At the rest phases, the voltage and voltage change rate can also be reflected. Therefore, the fractional order dynamic equivalent circuit can also describe the self-discharge characteristics of the SC. Compared with the integer-order dynamic equivalent circuit, the fractional order dynamic equivalent circuit has obvious advantages to describe the nonlinear characteristics of the SC. The approximate values of the parameter identification results of the fractional equivalent circuit are shown in Table 1 .
IV. AN APPROACH FOR SOC ESTIMATION BASED ON PARTICLE FILTER
Supercapacitor is a kind of power device with low energy density. In operation, the SOC conversion range is large and the speed is fast. In engineering, the SOC and the OCV are generally approximated as a linear relationship, which simplifies the estimation of SOC. The most commonly used is the Ampere-hour integral (A-H) method to estimate the SOC of a SC. The calculation formula for A-H method is
where C n is rated capacitance of the SC. When calibrating the relationship between the OCV and the SOC of the SC, the SC's current requires to be kept at zero for a while, but the current of the supercapacitor in the actual engineering application is generally continuous. In addition, due to the electric double layer structure of the SC and the internal reversible redox reaction, there is a temperaturedependent additional equivalent capacitance, so that the SOC of the SC and the OCV itself exhibit nonlinear characteristics. Therefore, the OCV of the SC cannot accurately describe the change of the SC's SOC.
One of the most pressing problems in the use of SC in electric vehicle HESS is how to accurately assess the state of charge of the energy storage system. According to the above-mentioned fractional order equivalent circuit model, the particle filter is used to estimate the SOC of the SC, and the fractional Kalman filter is used to realize the particle state update.
According to the stochastic theory, the discrete state space model can be obtained by discretizing the fractional model described in Eq. (10) . When considering the SOC as an input, the discrete state space function of the fractional model containing the SOC can be expressed as
is the maximum voltage value of the super capacitor, ω k is process noise and v k is measurement noise. Accordingly, the discrete fractional order state-space model can be developed as (15) where T S = 0.1s is the system sampling time, and
Particle filtering is a signal processing technique based on Bayesian theory and Monte Carlo integration method. The main idea of particle filtering is to first use the empirical value to determine the probability distribution of the system state variables, and then randomly generate a certain amount of sample sets according to the prior probability distribution. These individual samples are called individual particles, and then the state of the particles (the weight and position of the probability distribution) is continually corrected according to the measured values.
The fractional system states are Markovian [27] , as
The key part for particle filtering is to obtain P (x k |y 0:k ) by generating a set of particles with associated weights. Finally, the probability distribution becomes the prior probability distribution of the next state.
But there is a problem, the accuracy and time of particle filter estimation depend largely on the resampling process and the important density function. In order to improve the estimation accuracy and time, the fractional Kalman filter is used to update the particles, so that the particles are concentrated as much as possible in the high likelihood region, reducing the problem of particle degradation. The combination of fractional Kalman filter and particle filter not only obtains a more probabilistic density function, but also reduces the number of resamplings during state estimation [28] . The algorithm for estimating SOC of SC by combining particle filter and fractional Kalman filter (PF-KF) is described as follows: 1) Initialize Draw the state particles
describing the initial state of the SOC ( SOC i 0 , i = 1, 2, 3, · · · , M ) based on initial probability density distribution x 0 ∼ p(x) , and set the weight of the particle 1 M . Determine basic parameters such as process noise initial variance Q , measurement noise initial P , and state vector initial value X 0 , etc.
2) State predict Using the fractional Kalman filter to calculate the value of the state vector of k time, the estimation formula of fractional Kalman filter is
where P k+1|k is the covariance matrix, K k+1 is the Kalman filter gain. 3) Determine the particle weights Update and normalize the important weight of each particle, which can be calculated by the following formulas
4) Re-sample and determine the estimation The basic idea of re-sampling is to eliminate particles with small weights and to concentrate on particles with large weights. The criteria we use are
The least mean squared estimation of the state variablex k based on the weight isx
52570 VOLUME 7, 2019 Determine whether the estimation algorithm ends, and exit the algorithm when it ends, otherwise return to step (2) .
In order to verify the performance of estimation with the PF-KF algorithm, we set the M = 500, and performed SOC experiments in two working circuit states of the SC. One is charging and discharging at a constant current, and the other is charging and discharging at a complex and variable current. In both operating states, we also used the amperetime integration method to estimate the SOC of SC as a reference, compared with the PF-KF algorithm. Fig. 5(a) shows the SOC estimation results of the SC when the SC is charged and discharged circularly under the 5A constant current with a period of 280s. The error of the PF-KF algorithm and the ampere-time integration method are shown in Fig.5(c) . The results shows that the SOC of the SC can be estimated with a litter error. The error remains in 1%.
The SOC estimation results for the SC is shown in Fig. 5 (e) when the charge and discharge current is variable. The operating current is obtained under UDDS conditions based on Battery / SC HESS and power allocation strategy. It is shown in Fig.5(d) . In Fig.5(d) , the SC is charged to 2V firstly to ensure the initial SOC of the SC kept at 80%. Then the SC is charged and discharged with the given operating current in Fig.5(d) . According to the SOC estimation results in Fig. 5(e) , the error of the PF-KF algorithm and the amperetime integration method are calculated, respectively. The error curves of the PF-KF algorithm and the ampere-time integration method are shown in Fig.5(f) .
The ampere-time integration method has a higher SOC estimation accuracy when the supercapacitor operates in constant current cycle charging and discharging. It can be seen from the comparison results that the SOC estimation error of the PF-KF algorithm and the ampere-time integration method is very small, it proves that the PF-KF method has higher SOC estimation accuracy.
When supercapacitors operate in complex and variable current charging and discharging, the ampere-time integration method cannot fully estimate the SOC variation due to the nonlinear nature of the supercapacitor. In this case, the SOC estimation error of the PF-KF algorithm and the amperetime integration method becomes large. In theory, the PF-KF algorithm can overcome the influence of nonlinear factors inside the supercapacitor on the SOC estimation, which indicates that the PF-KF algorithm estimates the SOC with better accuracy.
V. CONCLUSION
As an important electrical component of the hybrid energy storage system, the supercapacitor has obvious nonlinear characteristics and fractional characteristics. In order to fully exploit the characteristics of supercapacitors in HESS, some work has been done on modeling and SOC estimation of supercapacitors. In this paper, a novel of fractional order equivalent circuit model of supercapacitor is established, and combined the least squares method with the genetic algorithm to identify the parameters. For the fractional order mathematical model of supercapacitors, particle filtering and fractional Kalman filtering were combined to achieve SOC estimation of supercapacitors. The SOC estimation experiments were carried out under the constant current cycle charging and discharging operation state and the complex and variable current discharging operation state, respectively. The experimental results show that the proposed PF-KF method can effectively solve the SOC estimation based on the supercapacitor fractional model and has high precision.
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